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Computer simulation of the 60° dislocation interaction with vacancy cluster in silicon
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In the current work, the interaction of the 60° shuffle dislocation with the vacancy cluster under applied
shear stress in silicon crystal is studied via the molecular dynamics method. Stillinger-Weber (SW) potential
and environment-dependent interatomic potential (EDIP) are used to calculate the interatomic forces. Simula-
tion results show that at low shear stress, the dislocation is pinned by a vacancy cluster. With the stress level
increased to a certain critical value oy, the dislocation can overcome the pinning and get through. It is found
that oy reaches its maximum at a transition temperature, which is about 350 K. Also revealed in the simulations
is a generalized dislocation dissociation that a 60° dislocation, while interacting with a vacancy cluster, can
result in 30° and 90° partial dislocations when the applied shear stress reaches another critical value o,. The
two resultant partial dislocations are separated by an intrinsic stacking fault. Unlike oy, oy, keeps decreasing at

temperatures higher than 400 K and remains a constant at lower temperatures.
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I. INTRODUCTION

Dislocations, well known to be responsible for a plastic
behavior in general and to act as trapping and scattering cen-
ters for electronic carriers, play a fundamental role in semi-
conductors both mechanically and electronically. A large
number of theoretical and experimental studies on their prop-
erties have been conducted since their discovery (see, for
example, Refs. 1-4). In this work, we will focus on the dis-
locations in silicon.

A well known type of dislocation in silicon is the 60° one,
which lies on {111} slip planes and has a Burgers vector of
(a/2) (110), where a is the lattice parameter. Due to the
nonprimitive unit cell, there are two distinct sets of {111}
planes: the closely spaced glide subset and the widely spaced
shuffle subset.’ In addition, the glide dislocation will disso-
ciate into a pair of partial dislocations separated by an intrin-
sic stacking fault.5-® Shuffle subset dislocation, on the con-
trary, has been less studied. Some early work about these two
kinds of dislocations can be found in Justo et al.? In addition
to dislocations, vacancies of high concentration are common
in silicon and are usually generated during a variety of pro-
cesses such as implantation, irradiation, and etching. The va-
cancies will interact with defects and impurities. However,
the interaction between the vacancy cluster and the shuffle
dislocations, although of great importance, has received less
attention and still remains an open problem.

In the present work, a model consisting of a 60° shuffle
dislocation dipole and a vacancy cluster subjected to an ap-
plied shear stress is first established. A series of molecular
dynamics simulations is then carried out at different tempera-
tures and external loadings to study the vacancy-dislocation
interactions.

II. COMPUTATIONAL MODEL

To simplify the computational model, dislocations are in-
troduced in the form of dipoles, giving zero net Burgers vec-
tors and enabling as well the use of periodic boundary
conditions (PBCs) in all three dimensions. Note that two
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types of interactions, one between the two dislocations form-
ing the dipole and one between the dipole and its image due
to the PBC, are quite weak,!? and hence are neglected for
simplicity.

For the construction of the initial vacancy configuration,
Estreicher et al.!' found that the lowest-energy state of all
Vy's (N=1,2,...,6) vacancy clusters occurs when the Si
atoms are removed successively from a hexagonal ring in the
crystal. This indicates that Vy is remarkably stable. As shown
in Fig. 1, the configurations in which atoms marked by 1-2-
3-4-5-6 or 9-10-11-12-13-14 are removed can be regarded as
glide types, and the configurations 7-8-9-14-13-15, 4-7-8-9-
10-11, and 4-7-15-13-12-11 are taken as shuffle I, shuffle II,
and shuffle III, respectively.

In this work, the cell vectors of the supercell in three
dimensions are 20[112], 14[111], and 6[110] with sizes of
13.30, 13.17, and 2.31 nm, respectively. Details on the cre-
ation of the dislocation dipole can be found in our earlier
work.!? The dipoles created, marked by B and C in Fig. 2,
are of 60° shuffle-set character having opposite Burgers vec-
tors (a/2)[101] and (a/2)[101], respectively. Note that dis-

locations B and C align along [110] on the (111) slip plane
and are separated from each other by a distance of 6a[111].

[112]

FIG. 1. Schematic diagram showing the Vg vacancy defects.
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FIG. 2. Atomic configuration with the 60° dislocation dipole
(marked by B and C) and the V4 vacancy defects (marked by A).

A shuffle III Vi, marked by A in Fig. 2, is placed halfway to
the front and rear surfaces of the simulation box. Note that
Ve at A also lies on the slip plane of dislocation B, and the

distance between them is about 4[112]. In the following sec-
tions, we will study the interaction between A and B using
the molecular dynamics simulations.

III. SIMULATION METHOD

Molecular dynamics simulations are conducted under
constant applied shear stress and at constant temperature.
Specifically, we utilize two kinds of interatomic potentials,
the Stillinger-Weber (SW) potential'* and the environment-
dependent interatomic potential (EDIP).'* As stated previ-
ously, PBCs are adopted in all three dimensions. If not speci-
fied otherwise, the time step for all simulations is 1 fs. To
achieve the constant temperature, the initial system is relaxed
for 2000 steps at 0 K followed by a gradual adjusting proce-
dure, with the temperature raised 50 K every 2000 steps until
the desired temperature is obtained. After that, the system
temperature is kept constant using an atom velocity rescaling
algorithm.'® Finally, the external shear stress is applied by
means of the Parrinello-Rahman method. !¢

Without loss of generality, we direct the shear stress
along the Burgers vector since only the stress component
parallel to the Burgers vector does work. Simulations with
a wide range of final system temperatures running from
100 to 900 K, subjected to an applied shear stress ranging
from 100 to 3000 MPa, are conducted. The simulation re-
sults are given below.

IV. RESULTS AND DISCUSSION

Due to the Peierls barrier in silicon crystal, at low shear
stress, dislocations are not able to glide.”> When a higher
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stress is applied, dislocations B and C are observed to move
in opposite directions on their own slip planes. Dislocation B
is then expected to move closer to the Vg located at A. The
interaction between A and B can thus be studied in detail. It
is found that when the dislocation reaches the site of the
vacancy cluster, it gets pinned. This is for a moderate exter-
nal stress. If the stress is raised gradually, there exists a criti-
cal level at which the pinned dislocation can be released.
This critical stress is recorded as o;.

The process of the unpinning is depicted in Fig. 3. When
the dislocation encounters the vacancy cluster, it stretches
and then breaks into two segments, each having one end
rooted on the surface of the vacancy cluster. These rooted
ends are dragged by their corresponding free arms. If the
applied stress is higher than o, the barrier can be overcome
and the two rooted ends will be pulled forwardly and will
slide on the surface of the vacancy cluster. The two disloca-
tion segments then reconnect when they get off. The varia-
tion of stress oy as a function of temperatures 7 using the SW
potential is shown in the solid line in Fig. 4. It can be seen
that o; increases as the temperature increases when 7
<350 K, and then decreases as the temperature increases
when 7>>350 K.

The existence of the transition temperature implies that at
least one of the driving and the resisting factors shows a
strong temperature dependence. Based on the physical pro-
cess, it is reasonable to assume that oy is likely to be inde-
pendent of the size of the vacancy cluster. Then, the possible
major factors that control the temperature dependence of
stress o are the impact velocity at which the dislocation hits
the vacancy cluster and the kinetic process of sliding of the
rooted ends on the surface of the vacancy cluster, both of
which are indeed strongly temperature dependent. Based on
these considerations, we propose the following model to ex-
plain the observed phenomenon. At low temperature, the im-
pact velocity is high,'? so it is easy for the dislocation to get
through the vacancy. At high temperature, the dislocation
moves slowly along the applied stress direction'? since the
high mobility due to high temperature enables a zigzag kink
motion that hinders the glide motion. However, the kink mo-
tion will choose the lowest resistance path for the dislocation
while its roots travel on the vacancy surface, so the disloca-
tion can also pass through the vacancy easily. At some inter-
mediate temperature, as expected, a higher external loading
is required to overcome a higher barrier than those at low or
high temperatures.

In order to verify the above model, a different interatomic
potential—the EDIP potential—is adopted to repeat the pro-
cess. The results are shown in Fig. 4 in the dotted line. In
spite of some reasonable differences in numerical values, the
trend is exactly the same. However, some detailed processes
still remain open problems, thus requiring further work in the
future.

If the applied shear stress is further increased to a certain
level, the dislocation will not simply overcome the pinning
and get through the vacancy cluster; instead, it will spawn a
new dislocation dipole when it passes through. Such a stress
level is recorded as oy, and the typical stages of formation of
the new dipole are shown in Fig. 5. Similarly, the variation of
o, versus the temperature can be determined from simula-
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FIG. 3. (Color online) The processes of the dislocation overcoming the pinning effect.

tions and is shown in the dash-dotted line
result shows that o, remains a constant when

is less than about 400 K and decreases as the temperature
runs higher. However, note that the above observation is only
valid for the SW potential. For the EDIP potential, the criti-
cal stress o, cannot be obtained since the EDIP potential will
lead to a simulation collapse soon after the formation of the

new dislocations.

The aforementioned dipole generation marks a possible

mechanism of dislocation multiplication and

detailed study. In the following text, dynamic behaviors of
the dislocation and the vacancy cluster during and shortly
after this process will be presented one at a time.

We first focus on the behavior of the dislocation. Figure
5(a) shows the preinteraction stage where,
shear stress, the dislocation keeps moving on its slip plane
and is ready to interact with the vacancy cluster. As shown in

in Fig. 3. The
the temperature

Fig. 5(b), a new dislocation dipole separated by an intrinsic
stacking fault forms. The new dislocations are two 30°
shuffle dislocations (vacancylike structure) with opposite
Burgers vectors. Meanwhile, the 60° dislocation climbs onto
another (111) slip plane below and remains on that plane
afterward. The left-going 30° dislocation follows the motion
of the 60° dislocation on its own slip plane. In Fig. 5(c), they

begin to separate since the 60° dislocation moves faster. This

thus deserves a

driven by the
6.
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60° dislocation will reenter the simulation box on the right
due to the enforced PBC, and will encounter the newly
formed right-going 30° dislocation. They have opposite Bur-
gers vectors and will thus interact. Finally, a 90° glide partial
dislocation (SP structure) occurs [see Fig. 5(d)]. After that,
no more glide is observed about the two remaining partial
dislocations (the 30° and the 90° ones) during the later simu-
lation. The details of their core structures are shown in Fig.
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FIG. 4. The critical stress versus temperature during the inter-
action process. The solid line represents the critical stress (o;) when
the dislocation is unpinned. The dotted line represents the o; ob-
tained by the EDIP potential. The dash-dotted line represents the
critical stress (o7,) when the new dislocations are formed.

We then switch to the vacancy cluster. A typical evolution
of the vacancy cluster during the interaction is shown in Fig.
7. It is obvious that the structure of the vacancy cluster is
reconstructed during the initial stage of the interaction [Figs.
7(a)-7(c)]. During the stages that follow, the new dislocation
dipole appears and the bonds are broken and reformed [Figs.
7(d)-7(h)].

Based on the above results, if the simulation system is
treated as a black box, for the 60° dislocation interacting
with the vacancy cluster, the following reaction occurs under
the external loading oy:

vacancy

60° shuffle ——— 30° shuffle (V) + ISF
+90° glide (SP), (1)

where the Burgers vector remains the same before and after
the reaction. Obviously, this is different with a relevant ordi-

FIG. 5. The stages of formation of new dislocations during the
60° dislocation interaction with the vacancy cluster. The shaded
region represents the core structures.
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FIG. 6. The core structures of the 30° and 90° partial disloca-
tions. The upper figure shows the view along the dislocation line,
and the lower figure shows the (111) glide plane. The shaded region
represents the intrinsic stacking fault. (V) is for vacancylike struc-
ture, and (SP) is for single period.

nary dislocation dissociation as proposed in Refs. 17 and 18
60° shuffle — 30° glide + ISF+90° shuffle, (2)

which is on-site and energetically self-promoted. Here, how-
ever, the successive reactions occur at different locations;
hence, the above proposed scheme in Eq. (1) for dislocation
dissociation can only be understood in the general sense.
Note further that without the vacancy cluster and applied
stress, such generalized dissociation is not possible.

V. CONCLUSIONS

In this work, the interaction of a 60° shuffle dislocation
and a vacancy cluster (Vi) in silicon are studied via the mo-
lecular dynamics method equipped with the Stillinger-Weber
and EDIP potentials. The dynamic behaviors of the disloca-
tion and vacancy cluster under varying applied stresses and

FIG. 7. Temporal cross-sectional projections of the atomic con-
figuration of two layers containing the vacancy cluster and the 60°
dislocation. [Note that the dislocation in (a) and (b) is far away
from the vacancy cluster, thus not shown.]

045211-4



COMPUTER SIMULATION OF THE 60°...

temperatures reveal many interesting points. It is found that
at relatively low stress, the dislocation gets pinned. With the
load increased, there exist two critical levels at which the
dislocations show distinct dynamic behaviors. At the lower
critical stress level, the dislocation can be unpinned to glide
on its slip plane, while at the higher one, a 30° shuffle dis-
location dipole forms when the 60° shuffle dislocation passes
through. Variations of the two critical stresses with tempera-
ture are also obtained. The lower critical stress is found to
achieve its maximum at a temperature around 350 K, while
the higher critical one remains a constant below 400 K and
decreases when temperature runs above.

At the higher critical stress level, it is also found that a
dislocation dissociation in the generalized sense occurs,

PHYSICAL REVIEW B 77, 045211 (2008)

where the 60° dislocation and the 30° dislocation that move
in the opposite directions in the newly formed dislocation
dipole will eventually react, and a 90° dislocation occurs. If
the system is viewed as a black box, then a 60° shuffle dis-
location will dissociate into one 30° and one 90° partial dis-
location separated by an intrinsic stacking fault.
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